INTRODUCTION
Thermonuclear supernovae (SNe) are among the most important cosmological distance indicators; see Filippenko (2005) for a recent review. Consequently, over the course of the last few years, much effort has been invested in obtaining extensive datasets. The modelling of such high-quality data, particularly in three dimensions, should help improve our understanding of the thermonuclear explosion mechanisms.
This work adds to the database of observations of nearby Type Ia supernovae (SNe Ia), obtained by the European Supernova Collaboration (ESC) 1 as part of a European Research Training Network (RTN). The first supernova targeted by the collaboration was SN 2002bo (Benetti et al., 2004) . Since then, 15 other nearby SNe Ia (see Pastorello et al. 2007 and references therein) and one peculiar SN Ic (SN 2004aw , initially misclassified as a SN Ia; Taubenberger at al. (2006) ) have been monitored by the ESC. In addition, three papers based on ESC data and discussing systematic properties of SNe Ia have been published. Benetti et al. (2005) found evidence that thermonuclear SNe cluster in three different subgroups on the basis of the observed spectrophotometric properties [faint, low velocity gradient (LVG), and high velocity gradient (HVG) SNe Ia]. In an effort to find clues to explain this diversity, Hachinger, Mazzali, & Benetti (2006) explored the behaviour of a number of other spectroscopic parameters of SNe Ia. They found that the equivalent width ratios of some spectral lines (mainly Si II λ5972 and λ6355, S II, and Fe II) correlate with ∆m15(B) (as defined by Phillips 1993) . Also, using the spectra of a number of SNe followed by the ESC, Mazzali et al. (2005) showed that high-velocity features, whose existence was first proposed by Hatano et al. (1999) in early-time spectra of SN 1994D, are actually a common characteristic of SNe Ia.
The discovery of SN 2004eo provided an ideal opportunity for increasing the sample of well-monitored, apparently normal SNe Ia. It fulfilled the selection criteria specified by the ESC -it was a relatively nearby (vrec < 6000 km s −1 ) SN discovered well before maximum light. Moreover, because of its proximity to the celestial equator, SN 2004eo was observable from both hemispheres, allowing us to exploit all telescopes accessible to the various nodes of the collaboration. Finally, the location of SN 2004eo at the outskirts of its host galaxy allowed for accurate photometric measurements and suggested minimal internal extinction.
In this paper, we present the spectroscopic and photometric observations of SN 2004eo, ranging from 11 d before maximum light to more than one year after maximum. Most of the data have been collected by the ESC, with additional contributions (generally photometry) from the SN groups of the University of California (Berkeley) and of the Osservatorio Astronomico di Collurania (Italy).
The paper is organised as follows. In Sect. 2 we describe the observations, including instrument details and data reduction techniques. In Sect. 3 we show the optical and infrared (IR) light curves of SN 2004eo, present the colour evolution and bolometric light curve, and analyse the parameters derived from the photometry. Sect. 4 is devoted to the study of the optical and IR spectroscopic evolution of SN 2004eo. A discussion and a short summary follow in Sect. 5 and Sect. 6, respectively. ′′ 1 E and 6. ′′ 5 N of the nucleus of the host galaxy, NGC 6928 (cf. Tab. 1). The location of the SN (Fig. 1) suggests small host-galaxy extinction. This is supported by spectroscopic evidence (see Sect. 4) .
The SN 2004eo early-time spectrum is dominated by Si II and S II lines, showing that the SN was a Type Ia event (Gonzales et al., 2004) . The relatively high velocities in the classification spectrum indicate that the SN was discovered soon after explosion. Indeed, the SN was not detected on 12 September (limiting magnitude 18.5), only a few days before discovery (Arbour et al., 2004) . This, together with subsequent observations, means that the light curve of SN 2004eo is one of the most complete of any known SN.
ESC and KAIT Observations
SN 2004eo was monitored extensively, especially in B, V , R, and I photometry and optical spectroscopy. Observations cover a period from about 11 d before B-band maximum to about 3 months after maximum. Henceforth, we adopt as reference the epoch of the B-band maximum (see below). The U and IR bands were less densely sampled, with the observations only starting after maximum light. Due to the 0.45 7 ‡ computed with H 0 = 72 km s −1 Mpc −1 1 = NED 2 ; 2 = LEDA 3 ; 3 = Theureau et al. (1998); 4 = Schlegel et al. (1998) ; 5 = Arbour et al. (2004); 6 = Gonzales et al. (2004) ; 7 = this paper.
seasonal gap, the SN was not observed for three months, between about 100 and 190 d past maximum. In view of the slow evolution at late (nebular) phases, subsequent observations were less frequent than near maximum. On day +228 a high-quality nebular spectrum of SN 2004eo was obtained with the VLT. The log of all optical and IR spectra is given in Tab. 2. The photometric data are presented in Sect. 3. During the optical monitoring of SN 2004eo, 12 different instruments were employed, as follows:
• 2.3-m telescope of the Siding Spring Observatory (Australia), MSSSO11 imager (0.59 ′′ pixel −1 ); for spectroscopy the Double Beam Spectrograph was used (2048 × 512 pixel E2V CCD4210 detector in the blue arm; Site 1752 × 532 pixel detector in the red arm).
• 0.76-m Katzman Automatic Imaging Telescope (KAIT; Filippenko et al. 2001) 
The use of a large number of different instruments required careful homogenisation of our dataset. This is discussed in Sect. 3
Data Reduction
All optical photometric images were pre-reduced (i.e., overscan, bias, flatfield corrected, and trimmed) using standard IRAF 4 procedures. Because of the high brightness of the night sky in the IR, both imaging and spectroscopy required some additional data processing, including the creation of clean sky images and their subtraction from the target frames. Finally, the resulting images were spatially registered and combined in order to improve the signal-tonoise ratio (S/N). The SN lies in a region only marginally contaminated by the host-galaxy light, as well as being clear of stars in the field. Consequently, point-spread function (PSF) fitting is well suited to provide excellent estimates of the SN magnitudes. A detailed description of the photometric data reduction techniques can be found in Pastorello et al. (2007) . The PSF measurements were performed using SNOoPY 5 . The SN magnitudes were then measured with reference to a local sequence of 20 stars in the field of NGC 6928 (Fig.  1) . These, in turn, were calibrated by comparison with photometric standard stars from the Landolt (1992) catalogue. The U , B, V , R, and I magnitudes of the local sequence stars, obtained averaging the measurements of ∼20 photometric nights, are in Tab. 3.
The IR photometry was calibrated using 2MASS magnitudes for a number of local standards in the field of NGC 6928, together with additional calibrations from standard fields (Hunt et al., 1998) observed on the same nights as the SN. The K ′ magnitudes of NICS and Omega2000 were converted to K magnitudes using the relations derived by Wainscoat & Cowie (1992) .
The first steps of the spectroscopic data reduction (overscan and bias corrections, flatfielding, and trimming) are the same as for the photometry. For the IR spectroscopy, the contribution of the night sky was subtracted from the 2D IR spectrum using as reference a spectrum from a different position along the slit. Further data processing was performed using standard IRAF procedures, in particular some tasks from the package CTIOSLIT. After the optimised extraction performed with the task APALL, the 1D spectra were wavelength-calibrated by comparison with spectra of arc lamps obtained during the same night and with the same instrumental configuration. In addition, the wavelength calibration was checked against bright night-sky emission lines.
The SN spectra were then flux-calibrated using response curves derived from the spectra of standard stars 5 SNOoPY, originally presented in , has been implemented in IRAF by E. Cappellaro. The package is based on DAOPHOT, but optimised for SN magnitude measurements. (Hamuy et al., 1994; Massey et al., 1988) possibly observed during the same night. The spectra of the standard stars were also used to remove telluric features. The flux calibration of the spectra was finally checked against the photometry and, in case of discrepancy, the spectral fluxes were rescaled to match the photometry. This step is particularly important for the IR spectra, where flux tables for spectroscopic standard stars are usually not available. The typical deviation from the photometric values was less than 10% (but it can be up to 20% in the IR spectra).
PHOTOMETRY

S-Correction
Owing to the large number of different instruments used during the optical follow-up observations of SN 2004eo, it was prudent to reduce the photometry to a standard system applying a well-tested procedure called "S-correction," a technique which has already been applied to a number of SNe Ia (see, e.g., Stritzinger et al. (2002) , Pignata et al. (2004) , Krisciunas et al (2003; , Elias-Rosa et al. (2006) , Pastorello et al. (2007) , Stanishev et al. (2007) ).
Actually, despite the large number of instrumental configurations used, the U , B, V photometry of SN 2004eo appeared to be fairly homogeneous even without S-correction. In contrast, the original R-band and, in particular, I-band light curves show large scatter owing to differences in the filter transmission curves between the various instruments, especially for data obtained with CAFOS and ALFOSC. For details of the filter transmission curves, see Pastorello et al. (2007) and Li et al. (2001) .
Application of the S-correction to the R and I-band data reduced significantly the scatter in the light curves. Only S-corrected B, V , R, and I light curves are considered in our analysis. However, for the U and IR J, H, and K bands, S-corrections were not feasible because of the incomplete spectroscopic wavelength coverage and/or sparse temporal sampling. The original optical magnitudes of SN 2004eo are listed in Tab. 4, while the S-corrections Table 3 . U , B, V , R, I magnitudes of the local standards in the field of NGC 6928 (see Fig. 1 applied to the B, V , R, and I magnitudes of Tab. 4 are in Tab. 5.
K-Correction
The redshift of the host galaxy of SN 2004eo, z = 0.016, is sufficiently large to produce a significant effect on the observed magnitudes. In order to compare the intrinsic luminosities and colours of different SNe Ia, it is necessary to correct the photometry to the rest frame. This can be done comparing the fluxes of unredshifted and redshifted spectra of the same event through standard spectral bandpasses.
In the literature this technique is usually referred to as "K correction," and detailed descriptions of the application to SNe Ia can be found in Leibundgut (1990) , Hamuy et al. (1993) , Kim et al. (1996) , and Nugent et al. (2002) . Following the prescription of Hamuy et al. (1993) , and using the spectra of SN 2004eo presented in Sect. 4, we computed the K-correction to be applied to the photometric data of SN 2004eo. In order to cover the epochs for which no spectra were available, the corrections were linearly interpolated.
The K-corrections to be added to the U BV RI SN magnitudes of Tab. 4 are reported in Tab. 6. They are typically below ∼0.1 mag and are, in general, larger at late phases. Since the nebular spectra evolve very slowly, the Kcorrection was assumed to be constant at phases later than 200 d.
Due to the lack of adequate spectral coverage in the IR region, no K-correction was applied to the J, H, and K photometry (Tab. 8).
Optical and Infrared Light Curves
The S-and K-corrected optical magnitudes are reported in Tab. 7. Early-time (up to ∼3 months post-explosion) S-and K-corrected optical light curves of SN 2004eo are shown in Fig. 2 (left) . Phase 0 corresponds to the epoch of maximum in the B-band light curve, which was estimated to have occurred on September 30.7 (JD = 2,453,279.2, see Sect. 3.5).
Our early-time photometric coverage adequately samples all the phases of the early light curve (i.e., premaximum rise, B-band maximum phase, ∆m15(B) decline, I-band secondary peak). In addition, some photometry was obtained during the nebular phase. In Fig. 2 (right) the complete U through K light curves are shown, including some additional data from the literature (Arbour et al., 2004; Gonzales et al., 2004) . Unfortunately, the U band and IR observations only commenced near maximum light, and so the coverage for these wavelengths is incomplete.
As is characteristic of SNe Ia, the V -and R-band peaks are delayed with respect to the B-band maximum, while the I-band maximum occurs few days earlier (Sect. 3.5). A clear secondary peak is visible in the I-band light curve, though less prominent than usual (see Fig. 2-left) . A hint of a plateau-like feature is detectable in the R-band curve at the time of the I-band secondary maximum.
The evolution of the J-band light curve is similar to that of the I band, although the post-maximum decline is steeper (∆J ≈ 1.1 mag to the minimum). At about 4 weeks, the J-band light curve shows evidence of a secondary maximum analogous to that observed in the I band. After that, the J-band light curve declines very rapidly, fading by about 1.5 mag in 3 weeks. Elias et al. (1981) , Meikle (2000) , and Phillips et al. (2003) noted that the H and K-band light curves of SNe Ia show a secondary maximum with brightness similar to that of the early maximum, resulting in relatively flat H and K light curves during the first month. Thereafter, the IR light curves decline steeply. A few latetime IR observations were also obtained, and the SN was recovered at ∼230 d, at J ≈ 22.2 mag and H ≈ 20.9 mag. The SN was not detected in the K band at ∼205 d to a limiting magnitude of ∼19.3.
In Fig. 3 for SN 2004eo, see Sect. 3.5), the J, H, and K light curves turn out to be quite similar.
Colour Evolution and uvoir Light Curve
The excellent photometric coverage of SN 2004eo allows a detailed comparison of the colour and luminosity evolution with those of other well-studied SNe Ia. The distance of NGC 6928 was computed from the recession velocity corrected for Local Group infall into the Virgo cluster (vV ir = 4810 km s −1 ). Assuming H0 = 72 km s −1 Mpc −1 , we obtain a distance d ≈ 67 Mpc, or µ = 34.12 ± 0.10 mag (LEDA).
The total reddening was estimated by taking into account only the Galactic contribution, E(B − V ) = 0.109 mag (Schlegel et al., 1998) . The Cardelli, Clayton, & Mathis (1989) law was used to estimate the extinction in the different bands. The SN has a peripheral location in the host galaxy and narrow interstellar Na I D lines are not detected. This suggests that the light of SN 2004eo was not significantly extinguished in the host galaxy.
We compared the colour and uvoir light curves of SN 2004eo with those of other normal SNe Ia (SNe 1992A, 1996X, 1994D, 2002bo, 2002er, and 2003du ) spanning a range of different ∆m15(B) values. Comparisons were also made with the more peculiar SN 1991T (Filippenko et al. 1992b; Phillips et al. 1992 ) and SN 1991bg (Filippenko et al. 1992a ; Leibundgut et al. 1993) . In Tab. 9 we list the JD of the B-band maximum, distance modulus, and extinction for each SN.
As can be seen, in Fig. 4 the colour curves of SN 2004eo (Fig. 4, bottom) increases from −0.3 at a few days after maximum, to 0.5 at about +20 d. During the subsequent month, it remains almost constant, U − B ≈ 0.2 mag. The V − R colour curve of SN 2004eo (Fig. 4, top) evolves from 0.3 to −0.1 mag during the period −1 week to +1 week. It then reddens from −0.1 to 0.6 mag between +10 and +20 d, before turning blueward again (V − R ≈ −0.5 in the late nebular phase). A similar evolution is observed in the V − I colour (Fig. 4 bottom) . 1991T and 1991bg . The SN sample is the same as in Fig. 4 . An enlarged detail of the pseudo-bolometric light curves between −12 d and +43 d is also shown. Lacking U -band observations for SNe 1991bg, 1992A, and 2002bo, the contribution of this band to their total luminosity was estimated following Contardo et al. (2000) .
is similar to those of typical SNe Ia, fainter than that of SN 1991T, and definitely brighter than that of SN 1991bg. In particular, SN 2004eo appears to have a luminosity evolution similar to that of SN 1992A (at least up to +1 month).
Finally, using available J, H, and K data, we estimate the IR contribution to the SN bolometric luminosity to be negligible near maximum (∼2-3%), increasing to over 20% by about +50 d.
Main Parameters of SN 2004eo from the Photometry
A χ 2 test shows that the best match to the SN 2004eo light curves in all bands is given by SN 1992A (Hamuy et al., 1996a) . As shown in Fig. 6 , the fit is excellent in the B and V bands, while some difference is seen in the I band, such as in the depth of the minimum. This is not surprising, since differences in the light curves of SNe Ia are usually more evident in this band (Suntzeff, 1996) .
The epoch and apparent magnitude of the B-band maximum (JD = 2,453,279.2 ± 0.5, B = 15.51 ± 0.02 mag) were estimated by fitting the observations of the first month with a fifth or sixth-order polynomial. The epochs of the V and R-band maxima were similarly determined and occur, respectively, at +1.6 and +0.9 d, while the I-band maximum is at about −3 d. Fitting the I-band light curve with a higherdegree spline, we found the epoch of the I-band secondary maximum to be at about +19 d (i.e., ∼22 d after the main I-band maximum).
Given the peak magnitude and adopted distance and reddening (see Sec 3.4), the absolute B-band peak magnitude is MB,max = −19.08 ± 0.10 mag. This is only marginally fainter than the average for normal SNe Ia (Gibson et al., 2000) . The absolute magnitudes of the V , R, and I-band maxima are, respectively, MV,max = −19.13 ± 0.10 mag, MR,max = −19.19 ± 0.10 mag, and MI,max = −18.97 ± 0.11 mag (the uncertainties include fitting errors plus uncertainty in the distance).
The observed ∆m15(B) obs was found to be 1.45 ± 0.04 mag. In Tab. 10 we show the corresponding ∆m15 values for the V , R, and I bands, together with other light-curve parameters. The reddening-corrected (Phillips et al., 1999) ∆m15(B)true = 1.46; because of the low reddening, the correction was negligible. It has been established that the luminosity of SNe Ia correlates with the decline rate after maximum light; the slower the SN declines, the brighter the absolute peak magnitude (Pskovskii, 1977; Phillips, 1993; Hamuy et al., 1995; Hamuy et al., 1996b; Riess et al., 2005) . More recently, other calibrations of the relations between absolute peak magnitudes and light-curve shape have been determined and refined using ever larger samples of well-studied SNe Ia.
The application of these relations reduced the scatter in the Hubble diagram of SNe Ia and significantly improved their effectiveness as distance indicators. As detailed by Pastorello et al. (2007), we make use of some of these relations to determine the peak luminosity of SN 2004eo (see Tab. 11). All relations have been rescaled to H0 = 72 km s Wang et al. (2005) recently introduced a new photometric parameter, the intrinsic B − V colour at 12 d after maximum light (∆C12). Using the relations reported in their Tab. 1 and Tab. 2 (see also Pastorello et al. 2007 ), we can derive the absolute magnitudes at maximum for the B, V , and I bands. For SN 2004eo, ∆C12 = 0.49 ± 0.07 is found. The predicted magnitudes are given in Tab. 11. Table 11 . Decline-rate corrected absolute B, V , and I magnitudes obtained by various methods (see text) and (last line) weighted averages of the different estimates. They can be compared with the absolute magnitudes derived using the distance modulus (Tab. 10).
Phillips ( The different methods appear to be in good agreement. Only for the B magnitude obtained applying the Phillips et al. (1999) relation do we see a non-negligible deviation. Averaging the absolute magnitudes, we obtain MB,max = −18.95 ± 0.07, MV,max = −18.94 ± 0.04, and MI,max = −18.72 ± 0.01 mag. Given the uncertainties, these values are consistent with the directly measured magnitudes (cf. Tab. 10), which are marginally brighter.
Another useful photometric parameter is the stretch factor s −1 (Perlmutter et al., 1997) . The measured value for SN 2004eo is s −1 = 1.12 ± 0.04. This value is similar to that derived using a relation between s −1 and ∆m15(B)true (Altavilla et al., 2004) : s −1 = 1.17 ± 0.08. Finally, we can estimate the explosion epoch by applying the method proposed by Riess et al. (1999b) . Assuming that the SN luminosity is proportional to the square of the time elapsed since explosion and considering all photometric points starting around −8.5 d (including B-band measurements from Gonzalez et al. 2004) , we obtain a rise time tr = 17.7 ± 0.6 d. This is a slightly short time for a relatively fast-declining SN Ia, but surprisingly similar to the rising time determined by Garg et al. (2007) using V R broad-band observations of a sample of 14 SNe'Ia at z = 0.11-0.35, behind the Large Magellanic Cloud (tr = 17.6 ± 1.3(stat) ± 0.07(sys)).
Consequently, the epoch of the explosion of SN 2004eo is estimated to be JD = 2,453,261.5 ± 0.8. 
Ejected Mass of 56 Ni
An important physical parameter of SNe Ia, the mass of 56 Ni synthesized, can be estimated by modelling the bolometric light curves. The bolometric light curve of SN 2004eo was derived from the observed uvoir light curve (see Sect. 3.4 and Fig. 5 ), applying the UV and IR corrections of Suntzeff (1996) .
The light-curve model was computed using a grey Monte Carlo code developed by Mazzali et al. (2001) . The code accounts for the propagation and deposition of gammaray photons and positrons emitted in the radioactive decay chain 56 Ni to 56 Co to 56 Fe, followed by diffusion through the ejecta of the photons which ultimately constitute the observed SN light.
In Fig. 7 we compare the bolometric light curve of SN 2004eo with the model computed for SN 2002bo (Stehle et al., 2005) . This originally invoked 0.50-0.55 M⊙ of ejected 56 Ni mass, but here it has been scaled down to 0.45 M⊙ in order to fit the lower bolometric luminosity of SN 2004eo. The bolometric light curve of SN 2004eo is slightly broader than the model, but is otherwise consistent with it. This mass is close to the lower limit of the 56 Ni mass range observed in normal SNe Ia, about 0.4-1.1 M⊙ (Cappellaro et al., 1997) .
For completeness, we also show in Fig. 7 a synthetic light curve based on the W7 density distribution (Nomoto et al., 1984) scaled to a 56 Ni mass of 0.45 M⊙. This yields a rather poorer reproduction of the observed light curve, especially in the rising phase. The better match of the Stehle et al. (2005) model at this time is due to their inclusion of outward mixing of 56 Ni.
Decline Rate During the Nebular Phase
The B, V , R, and I decline rates of SN 2004eo during the nebular phase (between +190 d and +350 d) were also computed (see Tab. 10, last line). The slopes of the B, V , and R light curves (about 1.5-1.6 mag/100 d) are in good agreement with the average slope (∼1.4 mag/100 d) computed by Lair et al. (2006) for normal and luminous SNe Ia (or high-velocity and low-velocity gradient SNe Ia, following the nomenclature introduced by Benetti et al. 2005; see Sect. 5) . During this phase, the ejecta become transparent to the gamma rays and the luminosity is increasingly powered by the energy deposition of the trapped positrons. However, a fraction of the positrons may escape, resulting in a steeper light-curve decline than would be expected from the combined effects of just 56 Co decay and increasing gamma-ray escape. Indeed, this steeper decline in the B, V , and R light curves is usually observed in SNe Ia at late phases (Cappellaro et al., 1997; Milne et al., 1999) .
The behaviour of the late-time I-band magnitude decline is expected to be slightly different. Lair et al. (2006) indeed found that a slower average decline rate in the latetime I-band light curve (0.94 mag/100 d) could be a common characteristic of normal SNe Ia. This is true also for SN 2004eo, although the I-band light curve actually declined at a slightly higher rate (1.25 mag/100 d). Lair et al. suggested that the reason for the slow I-band decline could be a shift of the late-time flux from optical to IR wavelengths. This is consistent with an almost constant IR luminosity during the nebular phase, as was found for SN 2000cx at 1-1.5 years past the B-band maximum (Sollerman et al., 2004) .
SPECTROSCOPY
Spectroscopic monitoring of SN 2004eo spanned the period −11 d to +72 d. Three spectra were obtained before maximum brightness, and 15 after. In addition, a late-time VLT spectrum was obtained at about 8 months. IR spectroscopic observations were performed at +2, +22, and +36 d. Unfortunately, the resolution and/or the signal-to-noise ratio (S/N) of the IR spectra obtained for SN 2004eo are rather poor.
Optical Spectra
The optical spectra of SN 2004eo obtained during the first season are shown in Fig. 8 . The earliest spectra exhibit the broad P-Cygni lines typical of SNe Ia: the characteristic deep absorption near 6150Å due to Si II λλ6347, 6371 (hereafter Si II λ6355), the Si II λλ5958, 5979Å feature (hereafter Si II λ5972), the W-shaped feature near 5400Å attributed to S II λ5454 and S II λ5606. Other prominent features at pre-maximum epochs are Ca II H&K, Mg II λ4481, and several blends due to Fe II, Si II, and Si III. Fe III is also possibly detected below 5000Å. At red wavelengths, particularly strong features are the Ca II near-IR triplet, possibly with a high-velocity component , and Mg II λλ9218, 9244. Despite contamination from the 7600Å telluric feature, O I λ7774 is clearly visible. However, there is no evidence of C II lines in the early-time spectra. After maximum light the Ca II near-IR triplet is very prominent, while the strengths of the Si II and S II lines rapidly decline. In particular, Si II λ5972 is progressively replaced by the Na I D λλ5890, 5896 feature. However, Si II λ6355 is visible up to about 1 month past maximum. Consistent with normal SN Ia behaviour, the post-maximum spectra show strong line blanketing at blue wavelengths due to Fe II, Ni II, Co II, Ti II and Cr II lines. Apart from the persistent Ca II H&K, Ca II near-IR triplet, and Na I D features, the spectra at ∼50 d post-maximum are dominated by iron-group lines (Branch et al., 2005) .
A spectrum of SN 2004eo was obtained in the nebular phase at +227.6 d using the VLT UT2 equipped with FORS1 (Fig. 9) As mentioned in Sect. 3.4 and in Sect. 3.5, there are several photometric similarities between SN 2004eo and SN 1992A (the shape of the light curve, the colour evolution, and the quasi-bolometric luminosity). In Fig. 10 (left) pho- However, despite these minor differences, most of the spectral features confirm the strong similarity of the two SNe, already apparent in their photometric parameters (see, e.g., Sect. 3.5).
In Fig. 11 pre-maximum spectra (∼ −6 d, left) and post-maximum spectra (∼ +45 d, right) of SN 2004eo are compared with those of normal SNe Ia at similar phases (Altavilla et al., 2007; Benetti et al., 2004; Kotak et al., 2005; Stanishev et al., 2007) . At the premaximum phase, of particular note is the greater prominence of the Si II λ5972 line in SN 2004eo, again suggesting lower temperatures in this event. At +45 d, SN 2004eo shows a curious sequence of faint, narrow features in the 6000-6300Å region. This has occasionally been observed in other SNe Ia and is probably produced by Fe II lines. An enlargement of this spectral region is shown in Fig. 12 , compared with the same region of spectra of SNe 1998aq (Branch et al., 2003) , 1999ac (Garavini et al., 2005) , and 1999ee at comparable phases, available in the SUSPECT 6 archive of SN spectra. Fig. 13 shows the same two spectra of SN 2004eo as Fig. 11 , but now compared with pre-maximum (left panel) and post-maximum (right panel) spectra of three peculiar SNe Ia: SN 1991T (Mazzali et al., 1995; Gomez & Lopez, 1998 ), SN 2000cx (Li et al., 2001 , and the underluminous (SN 1991bg-like) SN 1999by (Garnavich et al., 2004) . Both the pre-and post-maximum spectra of SN 2004eo show some similarity to those of SN 1999by, although the line velocities of SN 2004eo are somewhat higher and its Si II lines (especially that at λ5972) are slightly less prominent. But the most important difference is the lack of clear evidence, in SN 2004eo, of Ti II lines which characterise the blue spectral region of SN 1999by and other low-luminosity SNe Ia (Filippenko et al. 1992a ). (Marion et al., 2003) . As we progress from +2 d to +22 d (see Tab. 2) the spectrum becomes redder. Despite the low S/N in the IR spectrum, the J-band shows a prominent Fe II absorption line at ∼12300Å, while the H-band region is dominated by a very broad emission feature produced by iron-group lines (Fe II, Ni II, Co II). In the ∼+30 d spectrum (Tab. 2), the IR region is characterised by a number of broad, prominent features mainly due to Fe II, Ni II, Co II, and Si II .
Infrared Spectra
A BRIDGE CONNECTING DIFFERENT SUBGROUPS OF TYPE IA SUPERNOVAE ?
In Sect. 3.5 we found that the best match to SN 2004eo is SN 1992A (Suntzeff, 1996) . Both these SNe show somewhat lower than normal luminosity at maximum, MB ≈ −19.1 mag (see Sect. 3.5), and rapidly declining light curves (∆m15(B) = 1.46 and 1.47, respectively). Nevertheless, there is some difference in the colours, SN 2004eo being redder than SN 1992A at late phases. There are also strong similarities in the spectroscopic evolution (Sect. 4.1), but again with some differences, the most significant being in the line velocities (lower in SN 2004eo) and the relative strengths of the most prominent nebular features. This mixture of similarities and differences between the two events supports the important conclusion of Benetti et al. (2004) that a singleparameter characterisation of SNe Ia does not specify the full diversity of their observed behaviour (see also Hatano et al., 2000) . In spite of the fact that SN 2004eo is not particularly underluminous (see also the comparison with the bolometric light curve of the low-luminosity SN 1991bg in Fig. 5 , Sect. 3.4), it shows some characteristics of low-luminosity SNe Ia. In general the spectroscopic evolution, the strength of the Si II lines, and the line velocities (as we will see below) are not very different from those of SN 1999by. However, while the ∆m15(B) is higher and the colour redder than those of normal SNe Ia, they do not attain the extreme values of faint SNe Ia. These findings suggest that SN 2004eo is a normal SN Ia, but with some properties (especially the line velocities) in common with low-luminosity SNe Ia. Benetti et al. (2005) analysed the photometric and spectroscopic properties of a sample of well-observed SNe Ia and found that they can be divided into three different subgroups:
• Faint SNe Ia similar to SN 1991bg, showing low expansion velocities, rapid evolution of the Si II λ6355 velocity, and low peak luminosity and temperature. The values of these parameters are the result of a low ejected 56 Ni mass.
• Normal-luminosity (mean absolute magnitude MB = −19.3 mag) SNe Ia, also showing a high velocity gradient (HVG), but having higher expansion velocities in the Si II lines than do the faint SNe Ia.
• Normal and overluminous (SN 1991T-like) SNe Ia, showing a low velocity gradient (LVG) in the Si II lines. 1989B, 1991M, and 1992A , which are labelled with black symbols. For data source references, see Benetti et al. (2005) .
These events populate a narrow strip in the Si II velocity evolution diagram (cf. Fig. 15 ). Branch et al. (2006) have presented an alternative classification scheme in which SNe Ia are divided into four subgroups on the basis of spectroscopic properties only:
• Cool SNe Ia, whose spectra show red continua and are rich in metal lines (Ti II, Sc II, Cr II, Mg I, Ca I) that are prominent only when the temperatures are low. They correspond to the faint SNe Ia of Benetti et al. (2005) .
• Broad-line SNe Ia, spectroscopically normal, with relatively strong and broad Si II λ6355. They coincide roughly with the HVG SNe Ia of Benetti et al.
• Core-normal events, spectroscopically similar to the previous group, but with narrower and less prominent Si II. They form a spectroscopically highly homogeneous group and are included mainly in the LVG group of the Benetti et al. classification.
• Shallow-silicon SNe Ia are spectroscopically peculiar, having a high degree of heterogeneity in observed properties. The only common feature is the weakness of the Si II absorption lines. Some examples (e.g., the high-temperature SN 1991T) show prominent Fe III features. As for the previous subdivision, they are included in the LVG group ).
However, some SNe Ia (e.g., SNe 1981B, 1989B, 1991M, and 1992A; see Branch et al. 2006 ) are of uncertain classification. We shall now compare three of these nonstandard events with SN 2004eo. One of the interesting issues is whether these transition events demonstrate that there is actually a continuum of physical properties within the SN Ia class, as already established for other SN types (e.g., SNe II-P; see Hamuy & Pinto (2002) , Pastorello (2003) ). Benetti et al. (2005) found that, while the faint and HVG SNe Ia obey a plausible relation between ∆m15(B) and the depth ratio of the Si II λ5972 and Si II λ6355 features [hereafter R(Si II)], such a relation is weaker or even absent if the LVG SNe Ia are included. Also, the pre-maximum evolution of the R(Si II) parameter is strikingly different in LVG SNe Ia compared with HVG events.
In Fig. 15 the evolution of the velocity corresponding to the Si II λ6355 absorption minimum is shown for SN 2004eo Figure 16 . Evolution of the depth ratio Si II λ5972 / Si II λ6355 in the spectra of SN 2004eo, together with those of other SNe Ia from Benetti et al. (2005) . Green open symbols, LVG group; blue filled symbols, HVG group; black symbols, SN 2004eo plus the nonstandard SNe 1989B, 1991M, and 1992A. plus a wide range of SN Ia subtypes. The figure is an updated version of that shown by Benetti et al. (2005) . The symbols are the same as those adopted by Benetti et al. The black symbols show the data for SNe 2004eo together with the nonstandard events SN 1991M (Padova-Asiago Supernova Group 7 archive), SN 1989B (Barbon et al., 1990; Wells et al., 1994) , and SN 1992A (Padova-Asiago Supernova Group Archive; Kirshner et al. 1993) . The latter two events were considered as LVG SNe Ia by Benetti et al. (2005) . It is evident from Fig. 15 that SN 2004eo is a lowvelocity event, lying roughly midway between the faint and LVG SNe Ia.
In Fig. 16 the time evolution of the R(Si II) parameter is shown for SN 2004eo and a subsample of the SNe Ia in Fig.  15 . The faint SNe Ia, which would occupy the upper part of this diagram, are not shown. We note that for SN 2004eo, the overall evolution is similar to that of the HVG SNe Ia, but that it has higher R(Si II) values. A similar behaviour is observed for the borderline SN 1992A and (although to a lesser extent) SN 1989B (Fig. 16 ). These diagrams highlight 7 http://web.oapd.inaf.it/supern/ the considerable heterogeneity in the observed properties of SNe Ia. SN 2004eo plus the three nonstandard events seem to follow roughly the relation between R(Si II) and ∆m15(B) for faint and brighter (either HVG and LVG) events (Fig.  17, top) , to some extent filling in the gap between the three subtypes. Benetti et al. (2005) found that no clear correlation exists between dv/dt(Si II) and ∆m15(B), although the three groups of SNe Ia seem to cluster at three different positions in the diagram (Fig. 17, bottom) . SN 2004eo plus the three nonstandard events lie roughly in the middle of the diagram, away from any of the three clusters. In particular, the position of SN 2004eo is identical to that of SN 1992A (as measured by Hachinger et al. 2006) . As already seen in Fig. 15 , these two SNe Ia seem to establish a "link" between the faint and the LVG SNe Ia. SN 1989B also contributes to this bridge. In addition, SN 1991M links the faint and the HVG SNe Ia, although in this case, the lack of spectra at phases later than about +30 d makes the measurement of the velocity gradient of the Si II λ6355 line rather uncertain and possibly overestimated 8 . We conclude that SN 2004eo should be considered as a member of the group of nonstandard or "transitional" SNe Ia, along with SNe 1989B, 1991M, and 1992A. These relatively rare events are characterised by a moderate velocity gradient, relatively low ejecta velocities, peculiar R(Si II) evolution, and moderately high ∆m15(B). Branch et al. (2006) (2006) has been updated with new estimates using the spectra of Gomez et al. (1996) available in the SUSPECT archive transitional SNe. Several other SNe Ia with ∆m15(B) in the range 1.4-1.7 presented by Jha et al. (2006) and Reindl et al. (2005) are potential transitional objects (though those of Jha et al. (2006) have other peculiarities as well). This makes it possible that, as the database of well-observed SNe Ia grows, the clustered distribution of SNe Ia in the subgroups of Benetti et al. (2005) will be less evident. Nevertheless, the majority of SNe Ia may still fall within the main subgroups.
We have presented optical and infrared photometric and spectroscopic observations of the Type Ia SN 2004eo. The data range from −11 d to about +314 d from the B-band maximum light, with a gap of about three months when the SN went behind the Sun. SN 2004eo has an absolute B-band magnitude at maximum (MB = −19.08) which is close to (or only marginally fainter than) the average for SNe Ia. Consistent with its moderate luminosity, modeling of the bolometric light curve indicates that about 0.45 M⊙ of 56 Ni was ejected, which is close to the lower limit of the 56 Ni mass range observed in normal SNe Ia. However, its late-time red colour, low line velocity, high value of ∆m15(B) (1.46), and evolution of the R(Si II) parameter are peculiar for a "normal" SN Ia. Its behaviour is very similar to that of SN 1992A and (to a smaller degree) SN 1989B. These three unusual SNe Ia (together with SN 1991M) exhibit observational properties intermediate between the faint and more typical SNe Ia.
We conclude that there may exist a continuous range of physical properties in SNe Ia, rather than the discrete clusters proposed by Benetti et al (2005) . However, the resolution of this issue will require larger numbers of well-observed SNe Ia.
